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Abstract—
The relatively small size and low energy consuming switching potential
offered by graphene-based electro-optic and electro-absorption switches
has attracted a lot of attention in the photonics community recently and
there has been no research on integrating graphene on an MMI so far to my
knowledge. In this work, I theoretically model an integrated electro-optic
switch based on a Multimode Interferometer (MMI) coated with graphene
for data communication purposes. By varying a voltage over a range of
16V across a bi-layer of graphene, the proposed MMI can be used as a 1x2
switch with a graphene interaction length of around 140µm. As such, this
component achieves a 0.22V cm efficiency at λ = 1550nm, which is in
line with efficiencies of similar components.
The MMI on itself, has low energy consumption and is intrinsically a low-
loss component and thus the idea of using this proposed switch on a large
scale in data communication as a splitter is not excluded.
Keywords—MMI Graphene Integrated Optics Fiber Optics
I. INTRODUCTION
WITH the increasing need for high-performance opticalswitches for use as optical interconnects, a lot of in-
terest goes to graphene-based electro-absorbers and electro-
modulators, because of the promising properties graphene has
to offer. For instance, the refractive index of graphene can be
easily changed over a wide range by altering its Fermi-level as
shown in Figure 1([1]). Graphene’s Fermi level can be manipu-
lated by putting a voltage across it [5], [6]. Thus, by depositing
a bi-layer of graphene on top of an MMI waveguide and putting
a certain fixed voltage across the sheets, the refractive index of
the structure can be changed. This allows us to change the beat-
ing pattern in the MMI and use the MMI as a 1x2 switch by
alternating between 2 voltages.
Fig. 1: Change of graphene refractive index with respect to the
Fermi level
In this paper I show how an optimized design of the proposed
MMI can lead to a switch that can compete with components
that fulfill a similar function in the field of data communication.
Furthermore, the efficiency of this component was tested and
compared for different designs, ranging from different used ma-
terials to changes in waveguide design and graphene deposition.
The standard design for the proposed MMI is shown in Figure 2.
Fig. 2: Cross-section of a standard MMI design coated with a
bi-layer of graphene
II. MATERIALS AND DESIGNS
A. Materials
In COMSOL I tested various materials as waveguide and com-
pared the functionality on the MMI. The materials I have tested
as waveguide are: Si, LiNbO3 and SiN . In Figure 3, I put the
achieved change in refractive index and the losses for the best
case, being a Si waveguide on a SiO2 cladding.
In order to explain why Si yields the best results, I introduce
here the beat length of an MMI which can be defined[2] as:
Lpi =
4nrW
2
4λ
(1)
In this equation, nr and W are respectively the effective index
and the width of the waveguide.
The results for Si showed most promise, as the refractive in-
dex of Si, n=3.48 at λ = 1550nm, has the biggest refractive
index contrast with the cladding, which is beneficial for how
the MMI operates. This can be understood by noticing that a
higher refractive difference between core and cladding leads to
more compact designs and thus thinner waveguides due to the
increased optical confinement. With a less thick waveguide, the
beat length(Lpi) of the MMI is shortened (see equation (1)) and
thus, the required length for interaction with graphene is smaller.
Fig. 3: Performance of the MMI design in Figure 2 with the Si
waveguide dimensions: 4000 nm x 220 nm, expressed in ∆neff
vs Fermi level of graphene.
Because the interaction with graphene is relatively lossy (≈
0.01 dBµm ), a shorter interaction length strongly reduces the over-
all losses. I note here that the results in Figure 3 are for a fun-
damental TM mode as input, because TM modes show the best
mode overlap with graphene in this design made in COMSOL,
as shown in Figures 10, 11.
B. Designs
Firstly, a design was made where the DGL(double layer of
graphene) and the 2 adjacent dielectrics are not deposited on
top of the waveguide as in Figure 2, but rather about the middle
of the waveguide (ratio 55% on top, 45% below), as shown in
Figure 4.
This increased the coupling with the TE modes, but reduced
the coupling with the TM modes. For the optimized ratio (55%
on top, 45% below), the maximum coupling achieved with the
TE modes closely approximates the coupling we get with the
TM mode, shown in Figure5.
Secondly, a couple of graphene designs were made in Lumer-
ical where not the entire surface is coated, but rather one or two
Fig. 4: Performance of TE in new design vs TM in original de-
sign expressed in losses vs Fermi level of graphene.
Fig. 5: Performance of TE in new design vs TM in original de-
sign, expressed in losses vs Fermi level of graphene.
sheets, as shown in the top view of the MMI in Figure 6. By
searching an optimal value for the dimensions of these sheets,
an increase in performance and thus a reduction of the required
MMI length by a factor 14 was achieved. Briefly explained, the
reason for this very big increase in performance is because the
sheets were put over where the first order mode has its highest
field intensities. Because of this, we can delay the first order
mode with respect to the fundamental mode, and as such we
make the difference in beat length a lot bigger between the two
switching regimes. This basically yields a huge MMI length re-
duction.
Fig. 6: graphene designs
III. RESULTS AND DISCUSSION
A design was made and optimized for TE modes, with the
graphene and dielectrics deposited about the middle(0.45%-
0.55%) of a 220 nm x 2000 nm Si waveguide, based on the
top design from Figure 6, where the bi-layer of graphene was
deposited with a gap in the middle between the two sheets of
≈ 310nm. The results of this design are shown in Figure 7.
Fig. 7: Best achieved switching result
These results can still be somewhat optimized, by using the
slightly better coupling TM modes, which I didn’t add in the
results due to practical difficulties with Lumerical. With calcu-
lations based on MMI length difference however, I predict of an
efficiency increase of 4%.
From the results in Lumerical, there is a maximum loss of 0.4
dB due to the interaction with graphene. In reality there will
be a lot higher losses, because losses due to sidewall roughness,
propagation losses and losses due to defects in the used materials
are not included in my model.
Lastly, in Figures 8 and 9, one can see the fractions of the
input light that go to the different output ports, as well as the
stability of the output when the used wavelength is changed for
the two different switching regimes. These results were obtained
in Lumerical.
Fig. 8: Transmission of the input TE light to the upper output
waveguide(blue) and the lower output waveguide(yellow) for a
graphene Fermi level of 1.1636 [eV] (high voltage) versus wave-
length
Fig. 9: Transmission of the input TE light to the lower output
waveguide(blue) and the upper output waveguide(yellow) for a
graphene Fermi level of 0.52 [eV] (low voltage) versus wave-
length
The splitting here is not a perfect 50-50% and there is also
some light leaking in the unwanted output. This can be actively
remedied by putting graphene on the output waveguides and as
such introduce controlled losses. This is however an extra en-
ergy cost that can definitely be avoided by optimizing some pa-
rameters, such as the output port position or geometry and dif-
ferent tapering speeds for instance.
IV. CONCLUSION
In the last design, a 139 µm MMI coated with graphene was
modeled that requires 16V difference to switch between the two
output states. Consequently, this device has a 139µm · 16V =
0.22V · cm efficiency. This is quite in line with a similar
graphene-based switch in literature [3], [4], where they achieve
a somewhat lower efficiency of 0.28V · cm.
With a few more optimizations to the design, I believe it is a
definite good candidate to experimentally test.
Fig. 10: Fundamental TM mode profile
Fig. 11: Fundamental TE mode profile
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INTRODUCTION 1
Chapter 1
Introduction
1.1 General Introduction
OVER the last few decades, there has been an exponential developmentin computer and communication technology. In our arduous endeavourto make all technology faster and more accurate, the chip size has de-
creased and clock speed has increased tremendously. As such, data communica-
tion via copper interconnections was bypassed by the optical fiber used mainly
nowadays as it has a larger optical bandwidth, less adjacent signal crosstalk,
low fabrication cost, lower losses and, of course, CMOS compatibility [1, 2].
As the bandwidth of optical fibers is very large, the overall bandwidth of an op-
tical fiber network is limited mostly by optical modulators and switches. They
are thus the bottlenecks or key components of an optical network. Hence, in-
vestigation and improvement of these essential components is mandatory for
the ceaseless evolution in the domain of data communication.
There are all sorts of different implementations of optical switches using for ex-
ample MEMS, liquid crystals, acousto-optical methods, thermal methods, opti-
cal non-linearities, piezo-electrics... Because every switch has its pros and cons,
it is valuable to search for alternative switches that perform well in different cri-
teria.
In this thesis I explore if a Multimode Interferometer (MMI) coated with graphene
can be used as an optical switch in data communication networks and I compare
it to similar components that perform the same functionality.
An MMI coated with graphene can be used as a switch by putting merely
two different fairly low DC voltages in the [0V, 20V ]-range across the sheet
of graphene to provide two different modes of operation in order to switch be-
tween output ports [3]. As changing this rather low voltage has low power
2consumption and can be done very fast and precisely, the exploration of com-
ponents coated with graphene could lead to a holy grail in data communication.
To manipulate and guide light in optical fiber networks, we usually use state-of-
the-art waveguiding dielectric materials that have a high index contrast (core-
cladding). With this high contrast, we create a total internal reflection of the
light within the fiber, guiding the light, with the least losses possible. In this
work I focus on silicon photonics, as it is a field in which improvements are
valued a lot, because it is the main link between electrical and optical process-
ing due to CMOS compatibility. I do however also explore the performance of
different materials such as LiNbO3, Al2O3, InP and GaAs. In the next section
I will introduce the reader to the context of Silicon Photonics.
1.2 Introduction to Silicon photonics
Silicon photonics is the study and application of photonic systems which use
highly purified silicon (up to 99.999% purity) as an optical medium [4]. The
silicon typically lies on top of a layer of silica in what (by analogy with a sim-
ilar construction in microelectronics) is known as silicon on insulator (SOI).
Some other layouts are also possible, the most typical of which are shown in
Figure 1.1.
Figure 1.1: different types of waveguides[5]
Although silicon is not the best material for light generation, because of e.g.
the indirect band gap, it is still used in many optical components as it can be
fabricated very cheaply and is easily integrable with the prevalent CMOS tech-
nology because silicon is already used as the substrate for most integrated cir-
3cuits, so it is possible to create hybrid devices in which the optical and electronic
components are integrated onto a single microchip[6].
The first step in silicon photonics was to convert an electrical signal to an
optical one, then guide the light in optical fibers, then convert the optical signal
back to an electrical signal and process it. This conversion does not go with-
out power and time losses. As such, silicon photonics has evolved and is still
evolving to making all-optical networks, or integrating the electrical and opti-
cal components on the same small chip, rather than having them spread across
multiple chips.
Nowadays it is becoming increasingly common that the patterns imprinted
on silicon to make actual photonic components, have alignment tolerances of
less than fifty nanometers [7]. This is largely sufficient for making an MMI,
because it is rather insensitive to small geometrical errors.
Silicon photonics is a valid candidate for use in data communication, which
works at a fixed central wavelength of λ = 1550nm and Silicon has low prop-
agation losses at this wavelength. However, an MMI can be fabricated with
many different materials, including, but not restricted to: LiNbO3, Al2O3 on
Si, InGaAsP/ InP and GaAs/ AlGaAs. As these materials all have different
properties, investigation of an MMI coated with graphene is still a broad field
and much research can be done to optimize this concept.
1.3 Introduction to Graphene
Graphene is a material discovered in 1962 by Hanns-Peter Boehm and his col-
leagues [8] that consists of a single layer of carbon atoms in a 2D plane, ar-
ranged in a honeycomb structure and is known to exhibit a variety of excep-
tional electronic and photonic properties (Figure 1.2); most prominant are its
unique linear and gapless band dispersion which are highly desirable for pho-
tonic applications.
It was only until much later in 2010 that Geim and Novoselov got the Nobel
prize for extracting the graphene from a piece of graphite such as is found in
ordinary pencils. Using regular adhesive tape they managed to obtain a flake of
carbon with a thickness of just one atom. This at a time when many believed it
was impossible for such thin crystalline materials to be stable [9].
4Figure 1.2: honeycomb structured graphene [10]
Graphene is defined as a semi-metal, because of its voltage-tunable proper-
ties that are a mix between common metals and common semi-conductors, as is
shown in Figure 1.3.
Figure 1.3: Classification of graphene as in-between metals and semi-conductors [11]
Some of the most extraordinary general properties include [1] ultra-wideband
absorption, huge specific surface area, mechanical flexibility, exceptionally large
thermal conductivity, voltage/doping controllable inter-band transition, saturable
nonlinear absorption and high-mobility ambipolar carrier transport and even su-
perconductivity has been observed in twisted bilayer graphene[12].
Additionally we have today the ability to produce high-quality graphene at
wafer scale [13] and can transfer and integrate it onto heterogeneous substrates
5and pattern it into planar devices. However, a major issue is that these prop-
erties are unobtainable or non-optimal in most investigated CMOS-compatible
material systems thus far.
Despite this latter issue, incorporating graphene with Si-compatible photon-
ics is a very promising approach toward the realization of practical high-speed,
low-power photonic systems integrated with CMOS circuits.
In graphene, the energy-momentum relationship for electrons and holes is
linear over a wide range of energies, rather than quadratic, so that both elec-
trons and holes in graphene behave as massless relativistic particles with a very
high energy-independent velocity. Graphene’s band structure, together with its
extreme thinness, leads to a pronounced electric field effect, which is the varia-
tion of a material’s carrier concentration with electrostatic gating. Although the
electric field effect also occurs in atomically thin metal films, these tend to be
thermodynamically unstable and do not form continuous layers with good trans-
port properties. In contrast, graphene is stable and has a nonzero conductance,
even when charge carrier concentrations vanish. [14]
The fundamental optical properties of graphene can be most conveniently
investigated with free-space optics using a normal incidence configuration as
can be seen in Figure 1.4a).
Figure 1.4: a) normal incidence, 2.3% absorption ; b) coplanar configuration, a possible 100% absorption
when propagating long enough in graphene [15]
Graphene can be used either as an Electro-absorption modulator (EAM) and
6as an Electro-optic modulator (EOM), depending on the amount of carrier dop-
ing in the material. In this thesis we would like to exploit both functions. This
is worked out in chapter 3.
It is well known that when light is incident perpendicularly to a sheet of
graphene for a very broad frequency range (VIS-IR), a sheet of one atom layer
thick absorbs exactly 2.3% of the incident light and multiples of this per passed
graphene layer (≈ 1.1nm). When propagating normal to graphene’s surface,
the light has a good spatial overlap with the graphene, but only a very small
interaction length of one or a few atomic layers. However, by inserting the light
coplanarly with the sheet of graphene as in Figure 1.4b), we can achieve a light-
graphene interaction that is only limited by the length of the device, rather than
the amount of graphene layers. This comes at the cost of a very small spatial
overlap and thus less efficient coupling [15].
The formulas describing the light-graphene interaction for both setups can
be found in Appendix B.
Nextly, shifting the Fermi level away from the center of the band structure,
by either applying an external electric field, either through chemical doping, can
suppress the optical losses in a layer of graphene due to Pauli blocking [16], as
is depicted in the left part of Figure 1.5.
Due to Pauli blocking, the optical signal can pass through big lengths of graphene
with a relatively low absorption with respect to the case with the central Fermi
level. Due to the gapless nature of graphene, there are always carriers present
at any Fermi-level. Thus changing the Fermi level, also readily changes the
amount of carriers. This way, both the overall absorption and the amount of
carriers can be tuned with the Fermi level.
On the right part of Figure 1.5, you can also see how the real and imaginary part
of the refractive index change with respect to the Fermi level.
7Figure 1.5: Left Figure: Band structure graphene: top=Fermi level at the center, bottom=shifted Fermi
level [11]; Right Figure:change of refractive index of graphene with changing Fermi level [16]
Graphene is deposited on a surface commonly using the Chemical Vapour
Deposition method (CVD) . CVD is a way of depositing gaseous reactants onto
a substrate. The way CVD works is by combining gas molecules (often using
carrier gases) in a reaction chamber which is typically set at ambient temper-
ature. When the combined gases come into contact with the substrate within
the reaction chamber (which is heated), a reaction occurs that create a material
film on a substrate surface. The waste gases are then pumped out of the reac-
tion chamber. For graphene, the substrate surface is usually Cu. Graphene then
needs to be separated from the substrate to get stand-alone, which is a cum-
bersome problem. One way of realizing this is by dissolving the substrate in
an acid. For Cu, it is possible to insert a thin layer of CuO between graphene
and Cu that has weaker bonds with graphene and hence the graphene can be
extracted more easily. This layer can then finally be deposited onto a substrate.
This usually yields very high quality of the resulting deposited layer [17].
81.4 Introduction to MMI and couplers/switches
input WG MMI
1
2
3
L
Figure 1.6: MMI scheme
A Multimode Interference device (MMI) is an optical component that falls un-
der the category of optical couplers. A typical MMI has a waveguide structure
that has larger dimensions than typical single mode waveguides, allowing mul-
tiple modes to coexist and interfere inside the waveguiding structure, like in
Figure 1.7, where a single mode of light is incident from the left.
Figure 1.7: Visualization of the MMI working principle [18]
MMI’s have their origin in the Talbot effect, a phenomenon first observed
by H.F. Talbot in 1890. Talbot observed that if a monochromatic optical plane
wave is incident upon a periodic diffraction grating, then the image of this grat-
ing will repeat itself at a fixed distance LT away from the diffraction grating.
9Winthrop and Worthington extended the Talbot effect to two dimensional im-
ages. In doing so, they emphasized that the output image could be related to
the input source via a convolution, and that the complex phase-amplitude of
these images could be expressed as the sum of quadratic complex exponentials.
Rivlin, and later Bryngdahl, suggested that by using total internal reflection in
an optical fibre to replicate a periodic grating, it should be possible to induce a
confined Talbot effect. This is the fundamental idea behind the MMI. MMI’s
are used extensively in photonic integrated circuits (PICs) due to their compact
size, low loss, phase dependence and predictable performance.
There are more couplers, other than the MMI, such as its most famous broth-
ers, the Y-junction ((Figure 1.8)) and directional couplers (Figure 1.9).
Figure 1.8: Y-junction scheme Figure 1.9: directional coupler scheme
The most common of couplers is the directional coupler that has the main
issue of having low fabrication tolerances. A small variation in the gap be-
tween the two waveguides can drastically reduce the directional coupler’s per-
formance.
For a Y-junction, the biggest drawback is that it is very difficult to make a high
index contrast Y-shaped branching section. These disadvantages are the main
reason for the search of more suitable solutions such as the MMI.
The MMI couplers based on the principle of self imaging solves all these prob-
lems with properties such as compactness, high fabrication tolerance, inherent
output power balance, polarization independence and low optical loss. This
legion of advantages makes it clear that this coupler is the best option in the
fabrication of more elaborated optical circuits.
These passive components are employed as power splitters and combiners in
Mach Zehnder Interferometers (MZI) and optical switches, and in many other
10
applications, creating an increasing popularity in its use for integrated optical
circuits.[19]
MMI’s can be made in various different materials, such as LiNbO3, Al2O3/
SiO2 on Si, InGaAsP/ InP and GaAs/ AlGaAs among others. Not only the
materials but also the design of MMI Couplers can have very exotic forms such
as the designs in Figure 1.10. These 2 MMI designs are a 2x2 splitter with
tapered walls and an Nx1 combiner with curved borders.
Figure 1.10: Exotic MMI schemes [20]
The MMI also fits in the family of switches, in which I will very briefly
frame the MMI.
Firstly, thermal optical switches are based on the waveguide thermo-optic effect.
Their main drawback is that they rely on varying temperatures, which intrinsi-
cally show exponentially decaying profiles, unless actively cooled. Switching
speeds are thus capped at µs-ms-range.
A second group, the Electro-optical switches, such as the proposed graphene-
coated MMI, realize optical switching functions by using electro-optic effects,
which offer relatively faster switching speed compared to thermal optical cou-
plers. Main types are LiNbO3 switches, SOA-based switches, liquid crys-
tal switches, electroholographic optical switches, and electronically switchable
waveguide Bragg grating switches. They range in speed between ps and ms
switching speed.
Thirdly, all-optical switches realize switching functions relying on intensity-
dependent nonlinear optical effects in optical waveguides. Their main draw-
back is that they usually require high operating powers. Lastly, switches based
on optical MEM’s are distinguished in being based on mirrors, membranes and
planar moving waveguides. Their main drawback is that they use movable parts
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to switch the light. Mechanical movement is intrinsically slow and introduces
damping noise. They have speeds varying between hundreds of ns to ms [21].
1.5 Objective of the thesis
The goal of this thesis is to explore theoretically whether an MMI can be used
in combination with graphene to make a switch for mainly data communication
applications. After verification that the concept is valid, new, realistic designs
and ideas are brought to the table to enhance its performance so that it might
compete with currently available switches.
1.6 Thesis outline
The idea behind this thesis is to test how graphene, a recently discovered ma-
terial, can alter the behaviour of a component that is well-known, the MMI,
in order to come up with a combined component that can offer an advantage
to currently existing devices used in data communication that perform similar
functions. So, in this work, the MMI is placed firstly in the larger context of
splitters, combiners, switches and couplers. Secondly, the study explores how
graphene works and how we can use its properties to our advantage and enhance
the MMI’s properties.
In order to describe properly how the interaction between graphene and the
MMI works, a mathematically rigorous background is given of the MMI that
can explain its behaviour and how the intertwining with graphene can modify
this behaviour to make the MMI function as a switch.
The study then requires the testing of different designs of the proposed MMI to
see which parameter can improve the switching behaviour. There are two major
parts that can be optimized or changed, namely the coupling with graphene and
the behaviour of the MMI.
To increase the coupling with graphene, we explored sending in light of differ-
ent polarization and wavelength, changing the distance that the sheet of graphene
is separated from the MMI, changing the thickness of both the MMI and graphene,
together and separately and changing the temperature.
Then, to change the behaviour of the MMI, we changed the used materials for
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the waveguide, for the cladding, the standard layout of the MMI and varied ta-
pering lengths and profiles.
After the designing process, the results are compared from the different ideas
and they are then briefly discussed.
Now it is important to relate the findings and results to currently used and tested
components and place the proposed MMI in a broader view of similar compo-
nents once again.
Finally, we reflect on the results to see if this is a component worthy of exper-
imentally constructing and what could be improved in the future to make the
proposed MMI more efficient.
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Chapter 2
Multimode Interferometer Couplers
The basic idea of Multi-Mode Interference (MMI) is abruptly increasing a sin-
gle mode waveguide’s thickness, allowing multiple higher order modes to co-
propagate and beat in the waveguide. This component can be used for multi-
plexing the signal into n different paths (n ∈ N) by using the fact that every
mode travels at a different speed and higher order modes have their energy lat-
erally spread over different nodes. As a result, we get z-dependent lateral stand-
ing wave profiles as a consequence of beating of various modes. By picking the
length of an MMI wisely, you can guide a node of high Electrical field in the
MMI out as single guided modes in the output waveguides.
MMI’s have a higher tolerance to dimension deviations in fabrication pro-
cess than most other optical couplers [22] and (thus) are produced also more
easily as compared to directional couplers which require sub-µm gaps. Addi-
tional perks to using this component is that it’s inherently a low-loss component
and has a large optical bandwidth [23]. A downside to standard MMI’s is that
back reflections can be very efficient, because they follow the same self imag-
ing principle as in the forward direction in the MMI [20]. This can however be
remedied by smartly tweaking the design, by for instance making the input and
output sidewalls slanting instead of perfectly straight.
Furthermore the losses of the component can be reduced by making the transi-
tions into and out of the MMI smoother by means of tapering (see Figure 3.1).
Tapering effectively enhances mode overlap between single mode and MMI,
yielding less losses [24]. Tapering is further worked out in section 3.1.
In order to test and comprehend the internal behaviour of light in an MMI
coated with graphene, the behavior of a normal MMI is mathematically studied
in following sections and compared with COMSOL Multiphysics software and
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Lumerical Mode Solutions in order to get reproducible results that comply with
prior art.
2.1 Practical results on regular MMI
For clarity, I define the propagation axis to be the z-axis, the width of the MMI,
the y-axis and the height, the x-axis as shown in Figure 2.1.
As rigorously explained and proven later in this section, the resulting beating
pattern in the MMI can be described with just a few parameters of interest to
our cause.
We ≈WM + λ0pi
(
nc
nr
)2σ(
n2r −n2c
)−1
2
(2.1)
Lpi =
pi
β0−β1 ≈
4 ·nr ·W 2e
3 ·λ0 (2.2)
Figure 2.1: MMI, ne f f and supported modes [25]
WM is the actual width of the MMI structure as shown in Figure 2.1. We on
the other hand is the average effective width that the propagating modes feel.
In general the widths We can be approximated by the effective width We0 corre-
sponding to the fundamental mode. λ0 is the vacuum wavelength, σ =
1, TM.0, TE. .
nc is the refractive index of the cladding and and nr is the refractive index of the
core. Lpi is defined as the beat length of the 2 lowest order excited modes.
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For a non-symmetrical MMI (input port is not centered at y=0, see Fig-
ure 2.2), the propagating modes cause a beating pattern that periodically mirrors
the input field at a certain distance around y=0 and also periodically reproduces
the input field after a certain other distance [20]. This property is just what
we handily use to switch the signal between 2 output ports. The behaviour is
schematically shown in Figure 2.2 and in (modeled) reality in Figure 2.3.
Figure 2.2: Scheme of the behaviour of a non-symmetrical MMI [20]
Figure 2.3: Field intensity mirroring in MMI
I tested this behaviour with COMSOL for a symmetrical MMI purely to vi-
sualize the MMI beating behaviour (Figure 2.4). Note that the symmetrical
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MMI is a degenerate case of the non-symmetrical one, as mirroring the input
field around y=0, yields the field itself (if your original input was symmetri-
cal of course). The beating pattern for the symmetrical MMI can be seen in
Figure 2.4.
Figure 2.4: Visualization of the MMI beating pattern
In Lumerical, the behaviour of a non-symmetrical MMI was tested for a 0.22
µm x 4 µm-thick MMI with a Si waveguide on SiO2 cladding. We can calculate
the beat length Lpi from equation (2.2), given the 2 lowest order propagation
constants, as calculated by Lumerical:
β0 = 11.4437[µm−1] (2.3)
β1 = 11.3670[µm−1] (2.4)
This yields an Lpi of 40.98 µm. We should thus see that the image is split in 2
at 1.5*Lpi ≈ 60µm and mirrored at 3*Lpi ≈ 120µm in Figure 2.3. This resulting
mode profile thus agrees very well with theory.
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2.2 Theoretical derivation of MMI as switch
The behaviour of the basic MMI can be properly described in 2D because in
the 3rd dimension, the light in the waveguide remains single mode (this is the
x-axis).
The way light behaves in the MMI structure is governed of course by Maxwell’s
equations:1
#»
∇× #»E =−∂
#»
B
∂ t
(2.5)
#»
∇× #»B = J+ ∂
#»
D
∂ t
(2.6)
#»
∇ · #»B = 0 (2.7)
#»
∇ · #»D = ρ (2.8)
(2.9)
Since we only work with quasi monochromatic TE/TM waves (λ ≈ 1550nm),
we can reduce Maxwell’s equations to the Helmholtz equations:
∂ 2Ex,m(y)
∂y2
+
(
k2 ·n(y)2−β 2m
)
= 0 (2.10)
Here k is the free space wave number, Ex,m(y) is the mode profile for mode
m, βm is the propagation constant for mode m. This equation can be solved by
finding the proper Eigenvalues of the system. The field profile should thus be
represented in the system’s Eigenmode basis as a sum of the Eigenvectors of the
MMI structure.When we assume that the spectrum of the input signal is narrow
enough not to excite any radiating modes(or such a small amount that they can
be neglected), this leads to:
Ex,m(y) =
∞
∑
m=0
amψm(y) (2.11)
Here, am is defined as:
am =
∫
Ex(y)ψm(y)dy/
∫
ψm(y)ψm(y)dy (2.12)
1The following derivations are loosely based on the derivations in a paper on the theory of standard MMI’s [18]
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The field profile at a distance z can then be written as a sum of all the guided
modes:
Ex(y,z) =
∞
∑
m=0
amψm(y)e j(ωt−βmz) (2.13)
When we take the phase of the fundamental mode (exp(-j β0)) as a common
factor out of the sum, this will not change the result, as it is just a phase factor
in the orthogonal basis, so we may drop this.
Furthermore, for the quasi monochromatic waves, ω is a constant and thus we
can assume the only-time-dependent factor exp(jω t) implicit hereafter. With
these modifications, the Electric field profile at a distance L can be handily
rewritten as:
Ex(y,L) =
∞
∑
m=0
amψm(y)e j(β0−βm)L (2.14)
Now, I introduce the constant Lpi , which I will use to substitute a part of
equation (2.14).
The lateral wavenumber ky,m and the propagation constant βm are related to
the effective index nr by the dispersion equation:
k2y,m+β
2
m = k
2
0n
2
r (2.15)
The standing wave condition in y-direction is:
ky,mWe,m = (m+1)pi (2.16)
Here, We,m is the effective waveguide width for mode m, which, under the
condition that there are many propagating modes in the MMI [18], can be ap-
proximated by the actual width of the MMI: We ≈We,m. By substituting equa-
tion (2.16) in (2.15) and solving for βm, we get:
βm =
√√√√√n2r · k20−
(m+1)pi
We,m
2 ≈ nr · k0− (m+1)2piλ4nrWe,m (2.17)
By taking the first order Taylor expansion of βm and substituting this in the
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definition, I finally arrive at Lpi :
Lpi =
pi
β0−β1 ≈
4 ·nr ·W 2e
3 ·λ0 (2.18)
Now equation (2.14) can be more elegantly written as:
Ex(y,L) =
∞
∑
m=0
amψm(y)e j(
m(m+2)pi
3Lpi )L (2.19)
By inspecting this Electrical field profile, we see that E(y,L) will be an image
of E(y,0) whenever:
e j(
m(m+2)pi
3Lpi )L = 1 (2.20)
or
e j(
m(m+2)pi
3Lpi )L = (−1)m (2.21)
The first equality means that the phase changes of all the guided modes at
distance L differ by integer multiples of 2pi . In this case, all guided modes have
undergone a phase change that is a multiple of 2pi and thus interfere with the
same relative phases they had in z = 0. The field at z=L is thus a perfect image
of the input field.
The second equality means that all the even modes have undergone a phase
change of multiples of 2pi , while the odd modes have undergone a phase change
of multiples of 2pi + pi . Because of this, the interference produces an image
mirrored with respect to the plane y = 0.
Due to the periodic character of the Electric field inside the MMI, direct and
mirrored single images of the input field E(y,0) will therefore be formed by
interference of all guided modes at distances z that are, respectively, even and
odd multiples of the length 3Lpi .
2.3 Graphene-coated MMI: length calculations
We know from equation (2.19) that the Electrical field in the MMI at a distance
z may be written as:
Ex(y,z) =
∞
∑
m=0
amψm(y)e j(
m(m+2)pi
3Lpi )z (2.22)
Together with the non-symmetry of the MMI structure this leads to the fol-
lowing distances for z:
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Lodd = 3(2k+1)Lpi (2.23)
Leven = 3(2k)Lpi (2.24)
for any k ∈ N. Here, Lodd is the condition for the distances at which the input
mode is mirrored around y = 0 and Leven is the condition for exact copies of the
input field.
As the MMI is to be used as a switch, we want the MMI length to be such
that with a low voltage across the graphene, there should be an exact copy of
the input at the output, while for an high applied voltage, there should be a
mirrored image at the output as is shown in Figure 2.5.
Figure 2.5: The 2 MMI switch regimes
As such, we rewrite (rename) the above equations to satisfy this condition:
Lodd = 3(2k+1)Lpi,lowV
Leven = 3(2k)Lpi,highV (2.25)
This leads to the requirement that Lodd be equal to Leven for a certain k ∈ N.
Lastly, we substitute the definition of the propagation constant (βm = ne f f ,m ·k0)
in equation (2.2) for the 2 beat lengths of interest:
Lpi,low =
pi
k0(0,nlowV −n1,lowV ) (2.26)
Lpi,high =
pi
k0(n0,highV −n1,highV ) (2.27)
Here, n0,lowV and n1,lowV are the refractive indices for the fundamental mode
and the the first order mode with a low voltage across graphene.
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The refractive indices for the different modes can be calculated in simulating
software and then, with these values, we only need to solve this set of equations
(2.25) for an integer k.
As an introduction to why we look for new designs in the following chapter,
I calculate the MMI length here for the standard design(Figure 3.1) and show
the resulting field profile. With the theoretical results that can be found in table
4.1 for a Si on SiO2 MMI, and We = 4µm, this yields an MMI length of:
LMMI = 8.897[mm] (2.28)
With this MMI length of ≈ 9 mm, the field profile evolves as can be seen in
Figure 2.6. As low as the losses may relatively be, after a propagation of several
millimeters, the signal is obliterated. Because of these huge losses, it is clear
why this basic model needs some refinements.
Figure 2.6: Losses completely destroy the signal after propagation over 9mm in the MMI coated with
graphene
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Chapter 3
Design of an MMI coated with graphene
Since electro-optic effects are so weak in Silicon, common modulators operate
over a narrow bandwidth, are slow and can become quite large in dimensions,
even up to mm’s, which is unacceptable for chip integration. This is where
graphene based modulators step in to overcome these limitations with its high
carrier mobility and gate-controllable conductivity.
Figure 3.1: Design of GOS structure: cross section
A typical single layer graphene integration on silicon is configured as a
graphene-oxide-silicon (GOS) structure, as shown in Figure 3.1. I designed
this cross-sectional profile with a SiO2 substrate and a Si waveguide. As a small
spacer between the waveguide and a lower layer of graphene, there is a small
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dielectric layer of SiO2. The two single layers of graphene (SLG) are spaced
by a layer of Al2O3. The layers of graphene are put into contact with metal is-
lands, Ni chosen here (because [26]), to be able to apply a voltage to graphene’s
surface.
Mostly because a similar design has already been experimentally tested, I
use this as it gives a good reference of a component for which we know how it
behaves in reality [27].
In Figure 3.2, different standard and stylized designs are presented for guid-
ing the light.
In the case of an MMI coated with graphene, I first chose the rib or ridge struc-
ture for the design. This kind of waveguide approach provides some significant
advantages compared to strip or buried waveguides as it allows for enhanced
flexibility and compatibility with all processing modules such as photodiodes
and multiplexers [28]. However, because it is easier to deposit graphene on
a flat surface (the graphene can break when making the transition in height
between waveguide and substrate), the second and final design choice was an
in-between of the ridge and the buried channel. We bury the ridge just enough
so that the top surface of the ridge coincides as well as possible with the top
surface of the substrate(see Figure 3.1).
Figure 3.2: different types of waveguides[5]
The ridge deposited on top (and thus not buried as described above) would
be preferable for the MMI, as the beat length between the modes is sped up
because of the resulting lower average refractive index (see equation(2.2)). The
confinement losses would also be slightly smaller upon propagation, because
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there is more optical confinement in the core as the ridge sees 3 sides of air.
However, there can also be a lot of scattering losses on high index contrast side-
walls. I cannot take this latter effect into account as it is not implemented in
Lumerical or COMSOL and is mostly due to fabrication errors and should thus
be tested experimentally.
However, if the ridge can be deposited on top with high accuracy then sidewall
scattering losses may be very low and this design could lead to a slight improve-
ment of the result: the change of refractive index that reduces the beat length in
the MMI, and the reduced losses upon propagation are assumed very small, but
it may be worth to test it, in order to improve efficiency.
In my designs, I thus keep the ridge-shallowly-buried-inside-substrate lay-
out.
Having chosen the waveguide structure, we deposit graphene on top, embed-
ded in dielectric layers, displayed in Figure 3.1. This design was optimized for
TM modes because of two reasons. On one hand, guided TM modes (or quasi-
TM modes) show hybrid modes that have an Electrical field component in the
propagation direction and can thus couple to graphene. This is because light
that has a perpendicular polarization to the plane of graphene has no coupling
to it.
On the other hand it is proven to be feasible to fabricate a design with graphene
on top of a waveguide where TE modes have an Electrical field zero-node,
whereas TM modes show a maximum of the Electrical field at the top.
3.1 Tapering
The first optimization to the standard design is to taper in and out of the MMI
by tapering the in- and output waveguides.
Tapering increases the overlap between the guided modes in the MMI and in
the in- and output waveguides.
As the mode propagation constant is defined as:
βi ≈ k0nr− (i+1)
2piλ0
4nrW 2
(3.1)
, the number of modes present in the waveguide grows or decreases quadrat-
ically with the waveguide width. Higher order modes that stop guiding in
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narrower waveguides, give their energy to lower order modes or to radiating
modes. The more gentle the transition between the change of waveguide width,
the less energy is lost to radiating modes. The most efficient tapering would be
a parabolic tapering, as its width grows tailor-made to the newly created propa-
gating modes. Linear tapers on the other hand do this job equally well, however
at the cost of having to taper over a longer distance (Figure ??).
captionThe linear and parabolic tapering[25]
Tapering brings along two extra benefits for the MMI. Firstly, at sharp pro-
files or corners with abrupt discontinuities, reflections tend to build up. Tapering
reduces these sharp corners or abrupt discontinuities, reducing these unwanted
reflections. Secondly, tapering causes adjacent waveguide outputs to experience
less overall crosstalk because the gap between the waveguides changes along
propagation. As such, no standing constructive interference is maintained be-
tween two adjacent waveguides [19].
It is thus important to select a good tapering profile to increase the overall be-
haviour of the MMI and to protect components that are sensitive to back reflec-
tions.
Coupling losses can be completely annihilated by tapering-in in such a way
that all the energy in the fundamental mode before tapering are gradually passed
on to all the excited modes during the tapering, with no energy being lost to
radiating modes (and vice versa for tapering-out). This kind of tapering is called
adiabatic tapering and should always be striven for if the device length on small
integrated chips allows it .
Concretely, the tapering occurs from a single mode waveguide width to max-
imum half of the MMI width. Tapering to a somewhat smaller width than half
of the MMI width is not unwanted, because the structure where the 2 adjacent
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waveguides would meet in the middle of the MMI, is just like the Y-junction,
which is difficult to manufacture.
As such, I calculate the maximum coupling length for a Si on SiO2 MMI with a
width WM = 4µm and a tapering to 2µm with an antisymmetric input as shown
in Figure 2.3.
Important here is that the tapering length is different for TE and TM modes. The
fundamental TM mode is tapered in a symmetrical way and will thus not excite
the fist order asymmetrical TM mode. As such, the values are obtained for the
fundamental TM and the second order symmetrical TM. With values obtained
in Lumerical, this yields:
zcoupling,T M =
pi
k0n1− k0n2 =
λ
2(1.89340−1.61551) = 2.79[µm] (3.2)
For excited TE modes, a similar story can be told, and the resulting coupling
length is shown below:
zcoupling,T E =
pi
k0n1− k0n2 =
λ
2(2.81034−2.58786) = 3.48[µm] (3.3)
So any tapering with a larger tapering length than zcoupling will give a perfect
coupling.
3.2 Crosstalk reduction
Due to the principle of Pauli blocking, the graphene layer can be made com-
pletely optically transparent by shifting the Fermi level away from either con-
duction or valence band (by either doping or applying a voltage). If the shift is
big enough, the passing light does not carry enough energy to excite graphene’s
electrons or holes for interband absorption. This is visually presented in Fig-
ure 3.3.
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Figure 3.3: Band diagram graphene
With this in mind, the design can be further optimized by also putting graphene
on top of the output waveguides. By adding not only a graphene layer to the
MMI, but also to the waveguide outputs, we can reduce the output noise by
absorbing the light that got caught in the wrong output. So the graphene basi-
cally has two major functions in the MMI. On the one hand as an Electro-Optic
Modulator(EOM): the graphene over the MMI is used to switch between output
states, by a change in Re[ne f f ]. On the other hand it behaves as an electro-
absorber (EA): the layers of graphene over the output waveguides, which can
be controlled by different voltages, are used to absorb the excess light. The
absorption of graphene is related to Im[ne f f ] and can be modified by the gate
voltage.
To relate the absorption level to the gate voltage applied over the GOS struc-
ture we express the latter as function of the carrier density ns in the graphene
film [28]:
V =−V0+ doxeεox ·ns (3.4)
with V0 the offset voltage originating from the natural doping in a real graphene
sheet and εox the dielectric constant of the oxide layer [25]. Because the carrier
density ns is then directly related to the Fermi level of graphene, which in turn,
with the famous Kubo formulas [14, 29], is related to the real and imaginary
refractive index and thus absorption. I will not put the formulas here, because
they are lengthy, require explanation of a lot of variables and will add nothing
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more to the story, but they can be readily found .
Summarizing, adding this layer onto the output waveguides will not increase
the losses on the useful signal, while it can perfectly annihilate an unwanted
signal, also by only switching the Fermi level between 0 [eV] and 0.52 [eV]
(turning on or off a voltage between roughly 0 [V] and 4 [V], depending on
the graphene quality and oxide thickness). For a graphene quality leading to a
scattering time scatT = 100 f s and an Al2O3 dielectric layer with a thickness of
10 nm on a Silicon on silica single mode waveguide, we get following results
in COMSOL for the TM mode(table 3.1):
Table 3.1: graphene as EAM: losses
losses
[
dB
µm
]
0 [eV] 0.52[eV]
Si−SiO2 0.0955 0.0032
As an extra visualization, the absorption was simulated for different gate
voltages for both TE and TM fundamental modes for the standard design in
Figure 3.1 with oxide thicknesses of 10 nm and MMI dimensions: 220 nm x
4000 nm. The results can be seen in Figure 3.4.
Because the graphene Fermi potential and the voltage across it are linked through
the height of the oxide layer, I get for the Fermi levels 0.52 [eV] and 1.1636
[eV], for an applied voltage of 4V to 20V, because I consistently use oxide
heights of 10 nm(The results can be found in section 4.7).
Figure 3.4: TM and TE mode absorption for oxide thickness dox = 10 nm and V0= 0 V expressed in
voltages (left) and Fermi level potential (right)
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3.3 Dimensions
In the following sections, the dimensions are discussed for a Si on SiO2 MMI.
The dimensions will of course change when using different materials. I pick
this however as a reference and I will explicitly note the different dimensions
when using other materials.
3.3.1 In- and output waveguides
The dimensions of the monomode input waveguide are calculated using the ’Ef-
fective index’-method(appendix A) near cut-off [30, 31], with the normalized
frequency or ”V-parameter” [32, 33]:
V = k0 ·
(
n2r −n2c
)0.5
∗d (3.5)
where d is the height of the rectangular waveguide.
The number of guided TM modes can be calculated from equation [25]:
M = 1+ Int
[
1
pi
(V −atan(
√
(aT M)
]
(3.6)
In this equation Int[...] means the integer part of the argument. Furthermore
aT M is defined as
n2cl1−n2cl2
n2core−n2cl1
and is just 0 for a symmetrical waveguide.
Therefore, the biggest height one can have that supports only 1 TE or TM
mode is when M < 2 in equation (3.6), which yields a waveguide height d =
220nm for a wavelength of 1550 nm.
We would like the single mode waveguide to be as large as possible, because
then more light is confined in the core and more power can be transmitted across
the waveguide with consequently less losses upon propagation. Standard values
are in the range [400,500] nm. I picked the smallest -400 nm- width because the
wider I make these waveguides, the wider the eventual MMI will be (discussed
in section 3.2).
3.3.2 MMI and coating dimensions
Firstly, in height, the MMI should remain the same as the input and output
waveguides to maintain single mode behaviour, being a 220 nm height.
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Secondly, the width of the MMI dictates how many transversal modes there
may exist. The MMI should be at least 1200nm wide, as this is the width of the
2 output ports combined with a gap between the two ports of also 400 nm. This
puts an absolute lower boundary on the width of the MMI.
The reason for picking the gap 400 nm is because there are 2 adjacent evanes-
cent fields that are reduced in power by a factor e after a distance (y-direction)
of roughly λ010=155nm. Because there are two adjacent fields, this adds up to
310 nm and then I add a small margin of 90 nm because it adds extra reduction
in coupling, increasing the switching efficiency and lastly the uniformity of the
layers is more esthetically pleasing.
In my actual models I go up to a gap of 600 nm, where the coupling becomes
unnoticeably low.
We want the width of the MMI to be as small as possible, because the beat-
ing length between the modes (Lpi) scales quadratically with the width of the
MMI. However, if the width is too small, there’s a lot of crosstalk between the
output waveguides and for very small gaps between the output waveguides, the
multimode beating just continues in the output waveguides, as can be seen in
Figure 3.5. This result was obtained for an MMI width of 2 µm. From this point
onwards, I took a standard width of 4µm for all the MMI designs. In hindsight
this was not the best idea as it has a detrimental effect on the results and the
effect of coupling only becomes prominent after long lengths of propagation
and a small constant gap between the output waveguides (and an be remedied
in better ways such as bending the output waveguides). The final result does
again have a 2µm MMI width (and a 600 nm gap).
Figure 3.5: unwanted beating in output waveguides
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3.3.3 Dielectric covers
The dielectric layers on top of the MMI are chosen in such a way that they
optimize the coupling of the fundamental TM mode to the graphene, assuming
a TM mode fundamental input. For this, a small layer of SiO2, that has a fairly
low refractive index, is deposited on top of the waveguide as an isolation from
the waveguide. On top of this layer of SiO2, we put a layer of Al2O3 that is
sandwiched between 2 sheets of graphene. As Al2O3 has a higher refractive
index than SiO2, we confine the light better in this layer in intimate contact
with graphene on both sides in order to optimize the coupling. As this was my
standard design, I did not check the improvement with respect to for instance 2
Al2O3 layers, but this could have been done.
For the dimensions of the dielectric layers in close contact with graphene, I
took as a reference a similar waveguiding structure but with a SLG instead of a
DLG [16]. The layers should have a thickness between 1 nm and 30 nm and not
more, because the thicker this dielectric, the further we go away from the TM
Electrical field maximum and the higher the required voltages to switch.
Because thin dielectric layers act as capacitors, reducing the oxide height, de-
creases the possible modulation speed(τ = R/cdotC). We are however not in-
terested in very fast modulation speeds, as we don’t wish to modulate a signal,
but rather multiplex (or switch) it.
Hence we could use thinner oxide layers, which increases the coupling to graphene
and thus reduces the required operation voltages.
In this reasoning, we could go down to 1 nm height for the oxide (or as small as
possible) if this is technologically possible and we find a suiting dielectric.
The reason I still opt for a dielectric layer of around 10 nm is the following:
as the spacing between the capacitor plates, or equivalently, the oxide thick-
ness is reduced, the breakdown voltage of the capacitor will be lower, but the
coupling will be higher to the graphene. Thus I believe it is best to maintain a
dielectric thickness for which we know we can produce it reliably and with good
quality, rather than a thin dielectric layer that might have a lot lower breakdown
voltage due to fabrication errors.
Both Al2O3 and SiO2 have very high breakdown voltages(see table 3.2) and can
be deposited in a qualitative manner for a height of 10 nm.
The capacitance of one such oxide layer can be written as:
C =
ε0εrA
d
(3.7)
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with ε the dielectric constant of the used oxide, A the surface area and d the
oxide height.
The break down voltage is material dependent and from ’trustworthy’ sources
on the Internet I gathered these break down voltages [34] in table 3.2:
Table 3.2: Breakdown voltages
nothing Al2O3 SiO2
BDV
[
V
nm
]
0.5to3 1 - 2
3.4 Materials
I chose the reference setup as shown in Figure 3.1. The reason I picked these
materials is because a similar prototype has already been made with and tested
for a waveguide with this structure, but with different materials[16, 27]. Be-
cause an MMI profits most from higher index contrast and Si has a very big re-
fractive index, this was an obvious choice for a standard design. In section 3.5.1,
I also explore a somewhat different design and use different materials to see
which setup performs best.
Si and SiO2 were chosen as respectively core and cladding of the waveguid-
ing structure because Si photonics is CMOS compatible, nontoxic and due to
high index of refraction ratio, compact [22].
LiNbO3, As2S3 and SiN waveguides as a substitute for Si are tested firstly
because they have good transparency in the IR region.
Furthermore, LiNbO3 has electro-optical properties and flexible tuning ca-
pabilities. It can provide as a low-loss channel waveguide[35].
For As2S3, the reason of choice is that it is a chalcogenide glass with a large
index contrast that enables tight mode confinement and low propagation loss.
It can also be fabricated using CMOS compatible technology [35]. This was in
the end not modeled due to time shortness and its result should be in line with
the other materials, being somewhat suboptimal with respect to Si.
SiN does the same job as Si, but it has a lot lower refractive index. As
such it will increase the dimensions of integrated structures, which makes it a
worse choice. However, a higher refractive index contrast makes the waveguide
more prone to scattering losses due to nm-scale roughness of the sidewalls of
the waveguide. The effective refractive index in SiN waveguides is also less
sensitive to the waveguide width due to the lower index contrast [36].
33
Lastly, I thought of using zinc oxide(ZnO), as it has good waveguiding and
insulating properties, so it may be used as a replacement for the waveguide. It
cannot be used as the dielectric layer between the sheets of graphene, because
its breakdown voltage is too low by 2 orders of magnitude (the BDV goes up to
1.6 kV/mm).
My idea was to test another dielectric layer on graphene, but I cannot find
any other dielectric layers that can withstand breakdown voltages up to 2V/nm.
3.5 Coating graphene method
In order to achieve small contact resistance between graphene and metal elec-
trodes (usually Au or Ni) is primordial for reducing losses in graphene-based
electro-optic devices. The standard way of making graphene-metal contacts
(such as depicted in Figure 3.1), in general have high resistance since graphene
lacks vertical surface bonding sites [27]. Graphene’s modulating speed is in
fact not limited by the carrier transport, but is mostly restricted by the parasitic
capacitive effects formed by the graphene-dielectric-graphene stack, graphene-
sheet resistance, and graphene-metal contact resistance. Usually, in order to
electrically connect the metal and graphene, the metal is deposited on graphene’s
top surface. The metal and graphene interaction in the surface contacts approach
occurs perpendicularly to the graphene molecular 2D plane. Since graphene
lacks vertical surface bonding sites, surface contacts are fundamentally inca-
pable of maximizing metal and graphene interaction due to weak orbital hy-
bridization and chemical bonding with the metal [27].
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3.5.1 Coupling-enhancing waveguide design
Figure 3.6: cross section of an exotic ridge MMI
Additionally, I made a design of which I’m not sure it can be easily fabricated,
but if it is possible, then it shows a big increase in coupling to graphene for the
TE modes. Actually the design is completely the same as the standard design
shown in Figure3.1, but where the waveguide is not made its full height deep
inside the substrate, but only a fraction of it. The rest could then be deposited
on top of the top graphene layer as shown in Figure3.6. The modes will course
be somewhat distorted by this addition of oxide and graphene in the middle of
the waveguide.
For this design, we want to track the TE modes, rather than the TM modes,
because they have their Electrical field maximum in the center of the waveguide
(both above and below the graphene) and as such, the TE modes commonly have
a lot better overlap with the graphene than the TM modes. The results of these
designs can be found in section 4.2.
3.5.2 Exotic graphene design
Firstly I note that I also use a double layer of graphene (DLG) in the following
models (Figure 3.7). The reason is that a double layer graphene has been shown
to be experimentally feasible [27] and adding more or less layers just adds the
effects of a single layer, because the layers don’t interact with one another.
The two designs that were tested and optimized are shown in Figure 3.7.
The idea behind these designs is explained as follows: the MMI coupling length
is defined by the beating of the two lowest order modes. As such, the concept
seemed promising to get as much coupling to the fundamental mode, while ef-
35
fecting the first order mode as little as possible or vice versa.
By placing the layer of graphene not over the entire MMI structure, but mostly
where either the fundamental or the first mode propagate, we got much better
(shorter) results for the required MMI length.
Figure 3.7: left: Graphene deposited over fundamental mode; right: Graphene deposited over first order
mode
These designs drastically increase the device’s performance such that they
reduce the required length down to hundreds of µms (results in chapter 4).
3.6 Novel MMI design
Virtually all of the tweaks and improvements in the model are there most impor-
tantly to decrease losses. This is why we wish to decrease length of the MMI,
coated with graphene, because, as low as the losses may be in graphene, they
are still very strong when we propagate over several millimeters inside it.
Because a reduction in the coupling length of an MMI would decrease the
necessary MMI length I believe it is a good idea to test a more exotic ’Butterfly’
design of an MMI as shown in Figure 3.8. Furthermore, as the in- and output
waveguides are angled with respect to the propagation direction, there should be
less crosstalk between the output waveguides. Theoretical results on this spe-
cific MMI design, claim that the coupling length can be reduced by 60% [20].
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Figure 3.8: Butterfly configuration of an MMI [20]
Firstly, the reason we would like to make the MMI as small as possible is
because in a less wide MMI, the beat length Lpi is smaller. This can be verified
in equation (2.2).
Secondly, the reason we would like the MMI to be as wide as possible, is
because the output waveguides are so closely spaced that the light trapped in-
side the output waveguides still interferes and increasing the width of the MMI
allows for more spacing between the output waveguides.
As a conclusion, the necessity for a larger width only poses itself at the output
of the MMI, and the thinner MMI is more beneficial upon propagation. As such
this butterfly-design concept seemed promising.
From results obtained with Lumerical, the speeding up of the coupling length
Lpi around the smaller core of the MMI can be visually perceived in Figure 3.9.
Figure 3.9: coupling length reduction
However, we do see that the field profile gets distorted and spread out a lot
in space in the butterfly model, which will make the switching action more
difficult. As such, I didn’t implement this on further MMI designs.
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3.7 Difficulties in modelling graphene
As Graphene is not present as a material in the COMSOL library, a first idea was
to model the MMI in COMSOL, both in 3D as in 2D and manually changing the
refractive index for the different cases of different doping levels in graphene.
This did not take into account the losses that are present inside the material.
However, for graphene, the losses are very small in the regions where the re-
fractive index changes strongly, so we thought this to be a good plan.
In order to reduce the very time-consuming 3D calculations in COMSOL, a
2D longitudinal cross-section was built and tested, but the results were wrongly
interpreted, as verified a lot later by Lumerical. It is such that in the 2D simu-
lations, the third dimension is assumed infinitely long and as such, some modes
that were showing guiding in 2D, actually were below cut-off in 3D.
Because the wrongly assumed correct dimensions were unrealistically small,
the model for the MMI had to be updated to larger dimensions, but as the neces-
sary length of the MMI scales quadratically with the width, the model suddenly
changed from a µm-order component (same order as similar components with
the same functionality) to a mm-order component. Now, the losses after prop-
agating several millimeters in graphene are not negligible at all, so even these
relatively small losses lead to total absorption of the signal inside the MMI.
This is the primary reason why different designs had to be explored for both
graphene as for the MMI to get feasible results.
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Chapter 4
Theoretical results on MMI coated with
graphene
It is important to note that this simulation model, using the surface current
model [15], corresponding with a certain equivalent thickness of graphene,
leads to similar results as was verified through direct comparison in this pa-
per [16] for a very similar structure.
To model the influence of graphene on the MMI, we represent it as a change
in refractive index.
Lastly, I also wished to include thermal properties in the model, because temper-
atures are supposed to increase during operation and this will have its effect on
the refractive index. I however abandoned this track as I was told this wouldn’t
influence the results too much.
4.1 Standard design results
In the Figure below (4.1), the standard design is shown.
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Figure 4.1
Because this design gives a final MMI length of around 9 mm, even using
the fundamental TM mode (Figure 4.2), that does not allow this component to
be used as a switch due to the losses.
Figure 4.2: Losses completely destroy the signal after propagation over 9mm in the MMI coated with
graphene
This is why I will directly pass to the results of improvements to the design.
The final length of the MMI depends virtually only on two parameters: the
effective coupling we get with the graphene sheet and the effective width of the
MMI. As such, I tested various designs of MMI’s (having different coupling to
graphene) and variations on the MMI width. In sections 4.2 and 4.3, I check the
variations in coupling efficiency and in section 4.6 I explore the variation on the
width.
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4.2 Results on novel WG design
A novel design idea was to deposit a part of the waveguide on top and a part be-
low the graphene sheets that are embedded in dielectric layers as in Figure 3.6.
I compare results for a few of these designs for some different waveguiding ma-
terials in the following sections. Changing a material of course means that the
dimensions will be different to ensure proper waveguiding. For every different
material, I will thus note which dimensions I use.
To clarify my designs, I use a parameter R that stands for the ratio of the
waveguide that is on top of the graphene. For instance, a ratio of 0.7 means
that 70% of the waveguide’s height is on top of the ”SiO2-graphene-Al2O3-
graphene”- structure.
To display correctly the effect that graphene has on the MMI, I should either
show the effective refractive index of all propagating modes separately, either
show the effective index of the resulting structure.
For qualitative results on the MMI where graphene is coated over the entire
structure, the influence of graphene can be shown by displaying the refractive
index of only the fundamental mode, because this is a lot less time consuming
and I didn’t have much time in the end.
For results where graphene is not deposited over the entire structure, this
assumption is definitely not valid anymore and I show results based on the ef-
fective index of the two most impactful modes or all the modes.
For different materials as waveguide, I show different ratios R. For R=0, I
show the effect of both the fundamental TE mode and TM mode, because it
gives a references of the improvement that the new design has. For other ratios
I leave out the TM mode as it has nearly no spacial overlap with graphene in
this structure and thus has nearly no coupling.
4.2.1 Si on SiO2
For a waveguide height h = 220nm and width WM = 4um:
Comparison for the best ratios of the fundamental mode:
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Figure 4.3: losses and ∆ne f f for the designs with R=0, 0.45, 0.55 and 0.65 vs the Fermi level of graphene.
From Figure 4.3, we see in the losses on the left that TE modes don’t cou-
ple as well to graphene as the TM mode for ratio R=0. However for the ratio
R=0.55, the TE mode relatively closely approximates the coupling from the TM
mode. I left out the TE mode for R=0 in the left side for visualization purposes.
On the right side I added the coupling (now expressed in terms of refractive
index) of the TE mode with ratio R=0 to compare the relative improvement of
the new design. I just add for clarification that if a mode has higher absorption,
then it must be because the coupling with graphene is better, because there are
no other losses included in the model1. Values for TM mode for R=0 and TE
mode for the best ratio (R=0.55) are put in following table:
Table 4.1: Si on SiO2 change in ∆ne f f
potential[eV] Re(ne f f ), TM0 Re(ne f f ), TM1 Re(ne f f ), TE0 Re(ne f f ), TE1
0.5203 1.9248 1.8971 2.707 2.6863
1.1636 1.9137 1.8863 2.6958 2.6750
I explicitly add the refractive indices in the table, because this information
gets lost when plotting the change in refractive index.
The reason that the TM mode still performs better than the TE mode is that the
mode profile of the TM mode is very confined on at the interface of graphene
and the dielectrics and thus the Electrical field can couple more strongly. The
TE modes have their energy more spread out over the entire waveguide and as
such have less coupling. The difference can be seen in Figure 4.4.
1I model SiO2 in COMSOL with the refractive index n = 3.48+ j ∗10(−7)
42
Figure 4.4: I will update the scaling factor later; but the Field intensity is larger at graphene’s surface for
TM
4.2.2 LiNbO3 on SiO2
For a waveguide height h = 450nm and width WM = 4um: Comparison for the
best ratios of the fundamental mdoes:
Figure 4.5: losses and ne f f for R=0(TE and TM) and the best ratio R=0.55
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We see here that the TE mode actually does a better job at changing the
refractive index than the TM mode at R=0. Due to the larger dimensions and
smaller refractive index contrast with the cladding, the mode profile is more
spread out for the fundamental TM mode and as such, the TE mode, which has
its maximum at the graphene sheet has a lot better coupling.
The z-cut LiNbO3, that I modeled, is a highly birefringent material and as
such, the results for TE and TM cannot just be interpreted without taking this
into account. The refractive index difference between ne and no at λ = 1550nm
is on the order of 0.07. Now, because we insert either TE or TM in the input
fibers, all modes lie in the same plane and feel the same refractive index. As
such, this will have no effect on the beating pattern itself other than a fixed
delay for all modes. As the effect of this anisotropy has a minor effect, I did not
explicitly show the results for the two extremes.
4.2.3 SiN on SiO2
For a waveguide height h = 600nm and width WM = 2um of the fundamental
modes:
Comparison for the best ratios3:
The SiN waveguide also has its energy more spread out for the TM mode,
just like LiNbO3. As such, the TE mode at R=0.55 has better coupling to
graphene. As it has a slightly lower refractive index contrast than LiNbO3 with
the cladding, the results are just a bit worse.
3I model SiN in COMSOL with the refractive index n = 2.016+ j ∗3 ·10(−7)
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Figure 4.6: losses and ne f f for R=0, 0.65, 0.7 and 0.75
The reason why TM modes outperform the TE modes is because of the better
spacial overlap with graphene.
As a side-note, the reason that the TM modes have any coupling at all in this
case is peculiar, because the E-field polarization orthogonal to the graphene
plane should show no or very small interaction. The reason that the TM modes
still couple to graphene is because of the hybrid modes that have a component
in a direction in the plane of graphene.
4.3 Novel graphene design
The two designs under test (Figure 4.7) have been optimized to show the best
coupling to either the fundamental or the first order mode (respectively left and
right design) by searching the ideal widths of (y-direction) the graphene sheets.
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Figure 4.7: left: Graphene deposited over fundamental mode; right: Graphene deposited over first order
mode
The performance of the design with the layer of graphene on the sides is
shown in Figure 4.8. Here, parameter d equals half the distance between the 2
sheets, measured from the middle of the MMI. We see that the losses increase
with increasing d. This is as expected, because there is more graphene with
which the light can interact, leading to more losses.
Figure 4.8
The performance of the design with the layer of graphene in the middle is
shown in Figure 4.9. Here, parameter d is half the size of the graphene layer
in the middle measured from y=0. Here we see the losses decreasing, which is
logical, because for decreasing d in this case, there is less overall graphene on
the structure.
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Figure 4.9
The optimal value for both designs I found for d is around dWe = 15% or
concretely d = 0.62µm for an MMI of 4µm. For this optimal value I show
switching behaviour of the 2 designs for an MMI length that has been reduced
to around 600−700µm(Figures 4.10 and 4.11).
Figure 4.10: middle design; left: Fermi-level=0.520 [eV]; right: Fermi-level=1.1636 [eV]
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Figure 4.11: split design; left: Fermi-level=0.520 [eV]; right: Fermi-level=1.1636 [eV]
It seems that the split-layer concept does a slightly better job than the design
with graphene in the middle. The difference between the two designs is how-
ever negligible with respect to the reduction in MMI length that they both bring
to the table. With these designs, the component works 13-15 times better.
4.4 Best result
Given the fact that Lumerical only yields TE-mode propagation profiles (I don’t
know why), the best result I find is based on TE modes.
Combining the split-layer-graphene concept (section 4.3) on a Si on SiO2 for
a thin MMI with thickness 2µm and the bi-layer of graphene about the middle
of the structure (R=0.55) and changing the Fermi level between 0,52[eV ] and
1.1636[eV ] for a fundamental TE mode input, I get a switch that has a length of
139µm. The results can be seen in Figure 4.12.
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Figure 4.12: split design; left: Fermi-level=1.1636 [eV]; right: Fermi-level=0.52 [eV]
The results for the refractive indices can be found in table 4.2 below.
Table 4.2: best result for TE modes: refractive index and losses
potential[eV] Re(ne f f ,T E0) Re(ne f f ,T E1) insertion losses [dB]
0.5203 2.7124 2.6280 4.75
1.1636 2.7070 2.6175 0.69
To be fair, the switch length shown in this result does not match the length
calculated by the formula, but occurs at a lot shorter distance. This is because I
found that within the beating profile there are a few instances at which the light
mirrors the input, albeit less pronounced or clear.
Calculation of the values in table 4.2 with the formulas described in section 2.2,
yields an MMI length:
L = 467.6µm (4.1)
So we get a reduction of a factor 3.33 by picking an intermediate, less op-
timal solution. However, due to the reduction in length, we skip more than
330µm of losses at 30dB per cm for T E0.
I also put the values I get for the TM modes which I can’t model, but should
give a better coupling:
Table 4.3: best result for TM modes: refractive index and losses
potential[eV] Re(ne f f ,T M0) Re(ne f f ,T M1) T M0 losses [dB/cm] T M1 losses [dB/cm]
0.5203 1.903 1.804 16 27.5
1.1636 1.898 2.97 5.2 5.63
Note that because I can’t propagate these TM modes in the structure in
49
Lumerical, I wasn’t able to give full insertion losses. Calculation of the values
in table 4.3 with the formulas described in section 2.2, yields an MMI length:
L = 447.1µm (4.2)
which is somewhat better than the the result for the TE mode, as expected.
4.5 Output cleaning
We see that the splitting is not a perfect 50%-50%, primarily because there is
some light that runs away in the other fiber output. This crosstalk can however
be nearly completely reduced as discussed in section 3.2. Furthermore, the
output power can be easily balanced to get an exact output power in both ports
that is equal for the two modes of operation, by adding extra losses to the output
that has better transmission of the input signal, so that we have equal power
output in both states. In Figures 4.13 and 4.14, one can see both the fractions
of the input light that go to the respective output ports, as well as the robustness
of the component when the used wavelength is changed. These results were
obtained in Lumerical for the final design(section 4.4), for TE modes as input.
Figure 4.13: Transmission of the input TE light to the upper output waveguide(blue) and the lower output
waveguide(yellow) for a graphene Fermi level of 1.1636 [eV] (high voltage) versus wavelength
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Figure 4.14: Transmission of the input TE light to the lower output waveguide(blue) and the upper output
waveguide(yellow) for a graphene Fermi level of 0.52 [eV] (low voltage) versus wavelength
4.6 Robustness
Firstly, the robustness of the field profile in the MMI goes down together with
beat length Lpi , because when the beating occurs faster, there is a smaller error
margin on for instance the exact MMI length. For my standard design with Si
on SiO2, with an MMI width varying between 2 and 4 µ the typical Lpi varies
between roughly 10 and 40 µm. For an Lpi of ≈ 10 µm, there is a 1 µm-margin
on the beating profile that gives unnoticeable changes and this scales of course
linearly with Lpi .
Secondly, I varied the width of the MMI around 4 µ with maximum 300
nm to model how geometrical errors on the MMI width influence its length
(Figure 4.15).
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Figure 4.15: effect of small relative width changees to relative length changes
Note that these results are only valid around a width of 4µm and cannot be
extended to other ranges, because they depend on the exact coupling between
the modes and graphene and this coupling does not just scale linearly with the
width of the MMI.
4.7 Dielectric height
Lastly, I tested in COMSOL the coupling to graphene for different dielectric
layer thicknesses using the Kubo formulas. In Figure 4.16, the results are shown
for the change in ne f f and losses for a change in the oxide layer thickness of
Al2O3.
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Figure 4.16
Important here to note is that the region in which we are interested, being
where the losses are relatively low, shifts up with increasing oxide thicknesses.
Thus the required voltages to get a same refractive index shift become bigger.
Because there are not a lot of available materials that can be put as dielectric (I
didn’t even find an alternative to test), the only real variable here is the height
of the layer. The layer should be made as small as possible while guaranteeing
good quality in order not to get breakdown. As such, I will always use a 10 nm
height (see also discussion in section 3.3.3).
COMPARISON WITH OTHER GRAPHENE-BASED SWITCHES 53
Chapter 5
Comparison with other graphene-based
switches
5.1 Mach Zehnder Interferometer
In Figure 5.1, we see how a switch can be built using the principle of a MZI
(Mach Zehnder Interferometer).
Figure 5.1: Basic MZI scheme
From the theory of a MZI, we find that the power at the output ports (output
A and output B) can be written as: [37]
PA = sin2(
∆Φ
2
) (5.1)
PB = cos2(
∆Φ
2
) (5.2)
Here, ∆Φ is the phase difference of the light in the bottom arm of the MZI
with respect to the top arm. This phase modulation is caused by the effective
refractive index (ne f f ) change induced by the voltage-controlled graphene.
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In order to use this MZI as a switch between the two output ports, as is clear
from equations (5.1,5.2), a phase difference of pi is needed. When we denote
the length of the graphene sheet by L (as in Figure 5.1), we may write this phase
relation as:
exp( j · k0 ·∆ne f f L) = exp( jpi) (5.3)
In this paper [38] for an MZI-based switch, a value of ∆ne f f = 0.0026 is
achieved (which is slightly lower than the theoretical maximum coupling I
achieve with 2 layers of graphene of ∆ne f f = 0.007). Solving this equation
for L, yields:
L≈ 400µm (5.4)
There is thus a propagation over 400 µm under graphene to achieve a pi phase
delay of the signal.
The operation of this MZI is similar to the MMI but also in its roots very differ-
ent. The issue that the MMI has to face with respect to the MZI lies in the fact
that the MMI’s working principle of mode beating. Putting a voltage across the
graphene influences all modes, phase-delaying the beating pattern. For the MZI,
there must be a delay in half the period in the end in order to switch, while there
is an extra condition for the MMI. The length of the MMI must also be such
that this phase delay of half a beating period in the high-voltage-regime occurs,
when, in the low-voltage-regime, the beating pattern is at a phase=0. If this con-
dition is not fulfilled, then you get an intermediate value in the beating period
that is sent through the output fibers. Luckily enough, for this antisymmetric
MMI I designed, there are some intermediate values that closely resemble the
phase=0, allowing to make the MMI length shorter than in the strictly theoreti-
cal case (section 4.4).
As can be seen in Figure5.2, an extinction ratio of up to 35 dB can be
achieved for a voltage of 7.25 V.
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Figure 5.2: Extinction ratio for the MZI-based switch
This MZI shows thus a static modulation depth of 35 dB and modulation
efficiency of 0.28 V cm.
The voltage required to switch my proposed MMI is 16V (4V to 20V), with
a propagation length of 139µ , yielding 0.22Vcm, which is slightly better than
the 0.28 obtained for the MZI switch. The modulation depth, or equivalently
in our case, the extinction ratio PportAPportB can be infinite for the MMI when using
active output-cleaning ports (section 4.5), of course at the cost of extra energy
consumption.
5.2 Microring resonator
A Microring resonator can be used as a switch as is depicted in Figure 5.3.
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Figure 5.3: Microring coated with graphene setup[39]
The signal goes through the through-port by making the absorption in graphene
big enough so that after one round trip, the waves do not interfere in a noticeable
way and resonance is suppressed. The signal going through only acquires min-
imal insertion losses due to coupling from the waveguide into the ring, which
is absorbed in the ring path. The other output state is achieved based on the
same differential working principle as for the MZI, where a phase difference is
obtained in one part of the signal and then rejoined with the other part[39].
In Figure 5.4, the switching quality is displayed from the 25µm-radius mi-
croring switch [39].
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Figure 5.4: Experimental vs simulated results on drop and through transmission spectra[40]
The extinction ratio is around 8dB for a modulation efficiency of 0.28 V cm.
Lastly, worthy of mentioning, from an on-off switch based on surface plas-
mon polaritons (Figure 5.5), an even higher extinction ratio of 24 dB was achieved[40].
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Figure 5.5: Surface plasmon polaritons created on a Au−SiO2−graphene interface[40]
5.3 Graphene coated directional coupled nanowires
The research 5.6 on this concept goes somewhat out of scope of telecommuni-
cation as the experiments were not performed at 1.55µm, but at the somewhat
larger 10 µm. However, I think it is interesting as a comparison for graphene-
based switches.
Graphene has a very high third order non-linear coefficient. As such, the non-
linear effects that are used for switching, don’t require huge amounts of power.
When we coat 2 closely spaced nanorods as in Figure 5.6, the system of the 2
rods beats between a fundamental even and odd mode.
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Figure 5.6: Red and blue arrows schematically show the direction of power flow for low and high input
power, denoting the linear and nonlinear regimes, respectively.5.6
Concretely, considering a pair of graphene coated nanowires with both a rod
radius of 50 nm and distance between the rods d = 150 nm, it was found that
this leads to a beat length LB of 3.52 µm. At a power P0 = 0.01mW , the system
works in the linear regime and all the input power couples to the adjacent rod
after a distance LB. With an input power of around P1 = 2.9mW , close to all
power remains in the input nanorod, as shown in Figure 5.7. As such, over a
distance as short as a few µm’s, we are able to switch between 2 output ports.
Figure 5.7: Linear coupling(left) versus non-linear coupling (right) to adjacent waveguide.5.6
When the distance between the rods is varied, the distance LB is changed as
well. At a larger LB, the required power can be lower, because of the longer
interaction length, but then losses induced by the graphene start overshadowing
the switching efficiency. No numbers were stated in the paper, however.
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Chapter 6
Summary and Future Perspectives
In this thesis I propose a graphene-coated MMI that can perform a 1x2 switch-
ing behaviour over 139 µm by changing a voltage over 16 V. Furthermore, I
explored how this component’s performance is altered by among other param-
eters, using different materials for the waveguide and varying dimensions of a
standard GOS design. In this thesis I stick fairly close to what has already been
done, to assure that the results I get are feasible or not too far from reality.
The proposed MMI has to deal with a few problems such as putting 2 sepa-
rate sheets of quality graphene, high quality dielectric layers, tapering the out-
put fibers with a sub-micron gap between ... but when properly done, can get
an efficiency close to or better than components that perform similar functions.
There are still some improvements that can be made to the model of course.
A first improvement can be made by designing an MMI that reduces the MMI
width along propagation, just like the butterfly concept in section 3.8. I aban-
doned this track because its study was time-consuming and there were more ob-
vious refinements to the model. However, if a proper design can be found that
doesn’t distort the field profile too much and a proper butterfly-shaped graphene
profile can be deposited on top, then this is a definite improvement.
The proposed MMI could definitely be tested in operational bandwidth, in-
fluence of increased temperature (due to losses in operation), mechanical stabil-
ity, sensitivity to polarization and so on.
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Appendices
WAVEGUIDE MODE CALCULATION 66
Appendix A
Waveguide mode calculation
Given the following parameters:
ncore = 3.48 refractive index of the core
ns = 1.44 refractive index of the substrate
nc = 1.44 refractive index of the cover
h = 0.22µm height of the core
λ = 1.55µm central wavelength
k = 2pi/λ wave vector
κmax =
√
(k ·ncore)2− (k ·ns)2 (See Figure A.1)
β =
√
(k ·ncore)2−κ2 (See Figure A.1)
γs =
√
β 2− (k ·ns)2
γc =
√
β 2− (k ·nc)2
Figure A.1
The number of existing modes in the waveguide can be found as the number
of solutions in the following 2 transcendental equations:
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T M : tan(h ·κ) =
κ ·
(
n2core
n2c
γc+
n2core
n2s
γs
)
κ2− n4coren2cn2s · γc · γs
(A.1)
T E : tan(h ·κ) = (γc+ γs)
κ · (1− γc·γsκ2 )
(A.2)
These transcendental equations (A.2,A.1) have each only one solution in κ ∈
[0,κmax] as long as h < 220nm.
The same method applied in the other transversal direction yields b < 500nm.
When we go below these values, not only do we lose a lot of guided light to
radiating modes, but also surface roughness for dimensions close to lower cutoff
brings along a lot of losses [41]. Very commonly used in this field are the
dimensions 220 x 450 nm, which I will also use.
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Appendix B
Graphene-light interaction
Using Poynting’s theorem of energy conservation in lossy media, the absorbed
portion of optical power Qs in a sheet of graphene is completely converted to
heat due to resistive dissipation (Ohmic losses). In equations expressed, this
reads as: ∫
S
〈QS〉 ·dr2 = 12
∫
S
JS ·Et ·dr2 = σ02
∫
S
|E2t | ·dr2 (B.1)
where σ0 = e
2
4h¯ is the AC conductance of graphene for interband transition, Et
is the in-plane component of the transverse electric field, Js is the induced sur-
face current. Qs is the time-averaged resistive dissipation per unit area and the
surface integral is performed over the surface of graphene S. Application of this
relation to normal incidence with input optical intensity of:
Iinc = ε0 · c|E
2
t |
2
gives the non-wavelength dependent absorption coefficient of:
Qs
Iinc
= 2.3%
Because this value is very little affected by many parameters,such as the
Fermi-level of graphene, we cannot manipulate it easily, which is yet another
reason why we don’t use this perpendicular configuration for electro-modulated
switching.
In the coplanar graphene-on-waveguide configuration however, the dissipation
〈Qs〉 leads to a linear absorption coefficient as given by:
α =− 1
P(z)
· dP(z)
dz
=
1
P(z)
·
∫
L
〈Qs(x)〉dl = σ02P(z) ·
∫
L
|Et(x,y0)|2dz (B.2)
69
Here, z is the propagation direction. The graphene layer has width L and is
at height y0.
For the quasi-TE mode of the waveguide, the transverse electrical field Et
in the graphene consists predominantly of the Ez component which decays ex-
ponentially as a function of distance y outside the waveguide. Because the
graphene resides in the evanescent field of the waveguide mode, the absorption
coefficient decreases exponentially with y0 as:
α(y0) = α0 · e−2γy0 (B.3)
where γ is the field decay constant outside the waveguide, which of course
depends on the height of the waveguide and the oxide layer.
